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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

STANDARD MODEL TESTS AND NEW PHYSICS SEARCHES

= |
- T \2‘5)(' 1P Photo by CERN
W RA-VE
» Origin of Dark Matter?
» Abundance of matter over antimatter?
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS
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CERN Document Server, ATLAS-PHOTO-2018-022-6
Bormio Winter Meeting 2023

ATLAS

EXPERIMENT

Candidate Event:
pp—)H(—»E)h) + Z(-ee)

Run: 337215 Event: 1906922941
2017-10-05 07:55:20 CEST
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

THEORY OF JET PROCESSES AT LHC
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CERN Document Server, ATLAS-PHOTO-2018-022-6
Matthias Neubert — 2 Bormio Winter Meeting 2023

ATLAS

EXPERIMENT

Candidate Event:
pp—H(-=bb) + Z(-ee)
Run: 337215 Event: 190692
2017-10-05 07:55:20 CEST
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

THEORY OF JET PROCESSES AT LHC

P C [Forshaw, Kyrieleis, Seymour 2006]

Loss of color coherence from initial-
state Coulomb interactions

red: Coulomb gluons
blue: gluons emitted along beams

green: soft gluons between jets

doppsyp(s) = ) /dx1d$2 fasp(®1, 1) foyp(T2, 1) doap— 5 (5 = T1728, 1)
a,b=q,q,9
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

THEORY OF JET PROCESSES AT LHC

P C [Forshaw, Kyrieleis, Seymour 2006]

Loss of color coherence from initial-
state Coulomb interactions

o, » Weird "superleading logarithms”

» Breakdown of naive factorization
red: Coulomb gluons » Phenomenological consequences?

blue: gluons emitted along beams

green: soft gluons between jets

doppsyp(s) = ) /d371d372 fayp(®1, 1) foyp(T2, 1) doab— £ (5 = 1228, 1)
a’7b:q767g SLLs
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

THEORY OF JET PROCESSES AT LHC

P C [Forshaw, Kyrieleis, Seymour 2006]

Loss of color coherence from initial-
state Coulomb interactions

o, » Weird "superleading logarithms”

» Breakdown of naive factorization
red: Coulomb gluons » Phenomenological consequences?

blue: gluons emitted along beams

green: soft gluons between jets

doppyp(s) # Y /danda?z fayp(@1, 1) foyp(T2, 1) doab— (5 = 1228, 1)

a,b:qu,g SLLs
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

THEORY OF JET PROCESSES AT LHC

P [Forshaw, Kyrieleis, Seymour 2006]

Loss of color coherence from initial-
state Coulomb interactions

v

Weird “superleading logarithms”

Breakdown of naive factorization

v

red: Coulomb gluons » Phenomenological consequences?

blue: gluons emitted along beams

green: soft gluons between jets

Need for a complete theory of quantum

interference effects in jet processes!

Matthias Neubert — 3’ Bormio Winter Meeting 2023 mtp



TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

THEORY OF JET PROCESSES AT LHC

gap.:
2 2Eout < Qo ‘

unrestricted Ein ~ Q

%

= In(Q/Qo) > 1

Perturbative expansion:

O ~ OBorn X {1 + ol + agLZ}

T

state-of-the-art: 2-loop order

Matthias Neubert — 4 Bormio Winter Meeting 2023
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

THEORY OF JET PROCESSES AT LHC

gap.:
a 2Eout < Qo ‘

unrestricted Ein ~

i

= In(Q/Qo) > 1

Perturbative expansion including “superleading” logarithms:

2712 313 4 15 517
O ~ OBorn X {1—|—043L+048L +ao, L+ o, L° 4+ a;, L +}
T—————
T ~ (a,L)’ (a,L*)": formally larger than O(1)
state-of-the-art: 2-loop order [Forshaw, Kyrieleis, Seymour 2006]
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

THEORY OF JET PROCESSES AT LHC

Novel factorization theorem

o2 m(Q, Qo) = Z /dﬂ?leEz Z kﬂfﬁi({ﬂ}yQaﬂj@?

a,b=q,q,9 m=2+M &

[Becher, MN, Shao 2021] ‘
high scale low scale

Renormalization-group equation:

M (k. Qo) = = 3 Mk Qo) T Q. )

operator in color space and in the

infinite space of parton multiplicities

= new perspective to think about non-global observables

Matthias Neubert — 5 Bormio Winter Meeting 2023 mtp



TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

RESUMMATION OF SUPERLEADING LOGARITHMS

All-order summation of large logarithmic corrections, including the
superleading logarithms:

@)

o n—+3 —
do = do (—8) L2n+3
SLL Bornnzzj0 A 2n_|_3 ' Z 4,,0
with color traces:
C M2

Crn = —25672 (4N,)"" Z Z A (Hyp O — Ji Zd (Honr Si)

A /-

[Becher, MN, Shao, Stillger (in preparation)]

\ /

kinematic factors (dependent on veto region)

Matthias Neubert — 6 Bormio Winter Meeting 2023
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

RESUMMATION OF SUPERLEADING LOGARITHMS

- M +2
Crn = —256m% (4N)" " | ) J; Z D (Hy o O — Jig Zd (Hosnr Si)
L 7=3 1=1

[Becher, MN, Shao, Stillger (in preparation)]

Basis of color structures:
= Jave Jede T’ {lea Tlc} Tjd _ (1 = 2) S1 = fave fede {lea Tlc} {T2av TQd}

O = dygedyee T¢ {TP, T T — (1 45 2) Sy = ddedpee {17, T{} {15, T5'}

O = T {T*, TV} TP — (1 2) Sy = dyge dpec [T; (TYTETY), + (1 4 2)}
OY) =20, T, - T; — 2C, T, - T} - {Tla,Tb} (T¢, T

Ss =T -Tp

Ss =1

Matthias Neubert — 7 Bormio Winter Meeting 2023



TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

RESUMMATION OF SUPERLEADING LOGARITHMS

C M+2
Crn = —256m° (AN)"™" | > J;

L J=3

S (s OF) — Zd

1=1

H2—>M S >

[Becher, MN, Shao, Stillger (in preparation)]

Coefficient functions:

¢ =21 (3N, +2)" + (3N, — 2)"]

(3N, +2)" B

(T):2’r’—2N
“ ‘| "N.+2 T N.—2  N2—4

(3N, — 2)' (2Nc>7““]

&) =21 (3N, +2)" — (3N, — 2)"]

) _ g1 [BNe+2)" (3N —2)" 2N

Matthias Neubert — 7’

A =2 (N4 1)+ (N —1)"] =27 [(3N. +2)" + (3N, — 2)" ]

(N.+1)" (N.—1) o [BN.+2)" (3N.—2)"
— 92N,
Not2 | N.—2 ‘| "TN.r2 N2

dgr’) — 237"—2Nc [

N.+2)" (3N.—2)" (2N,
dér)zzr—lNc (3 + ) _|_(3 ) _( )
N, +2 N, —2 N2 — 4
dy) =2 [(Ne+ 1) = (Ne = 1)"] =277 [(3Ne +2)" = (3N. —2)"]
N—|—2 N_2 2N’r‘—|—1
dy) =27 (C1+ Cp) | =5 (BN +2)" — == (3N, - 2)" — -5°
5 (C1+ C) [Nc+1< +2) Nc—l( ) Nc2_1‘

2r—1Nc
3

dér) — 237“4—1 Cl 02 [(Nc + 1)7‘—1 + (Nc . 1)7’—1] (1 . 6r0)

3N +2) | (3Ne—2)" 2Ny
N, +1 N.—1 N2—1

[(NC + 4) <3NC + 2>T + (Nc - 4) (3NC — 2>T — (2NC>T+1 ]

o 2r+1 0102 [(

>

Bormio Winter Meeting 2023 1tp



TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

RESUMMATION OF SUPERLEADING LOGARITHMS

All-order summation of large logarithmic corrections, including the
superleading logarithms!

= Example: Summation of superleading logarithms for gg — qg
scattering in color-singlet channel:

16 SL 5 mn
OSLL — —0Born — 55 - AY (3058[/)2 2F2(17 1;2, -; —”(U) ~ (asL)g E Cn (asL2)
Sl 2 / >0
Jas o =
1-loop factor w = L
7i8

[Becher, MN, Shao 2021]

Matthias Neubert — 8 Bormio Winter Meeting 2023
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

RESUMMATION OF SUPERLEADING LOGARITHMS

Phenomenological impact in forward gluon-gluon scattering:

10— 0.25_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _
Vi=1TeV, AY =2 | ; Vi=1TeV, AY =2
99 — 99 - 0.20F 99 = 99

(3-loop)

05| | 0. (Q0)
& £ 0150
Q g’ :
S 5 :
= 5 0.10" as(1v/QQo)
g ]
——
005
[ O‘S(Q)
00253035 "4 45 350

= necessary to include eight terms (< 10 loops) to obtain reliable results;
resummation formalism is essential!
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

EXPLORING UNCHARTERED TERRITORY

Important open questions

» Do the strong cancellations persist when subleading terms are
included? How large is the remaining scale ambiguity?

Matthias Neubert — 10 Bormio Winter Meeting 2023
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

EXPLORING UNCHARTERED TERRITORY

Important open questions

» Do the strong cancellations persist when subleading terms are
included? How large is the remaining scale ambiguity?

p

» Can factorization violations be
understood in a quantitative way?
Can a more general notion of
factorization be established?

red: Coulomb gluons

blue: gluons along beams
green: soft gluons between jets

»
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

EXPLORING UNCHARTERED TERRITORY

Important open questions

» Do the strong cancellations persist when subleading terms are
included? How large is the remaining scale ambiguity?

» Can factorization violations be
understood in a quantitative way?
Can a more general notion of
factorization be established?

» What are the implications for LHC
phenomenology? Some benchmark

processes: pp — 2jetS, D — H/V+jets, red: Coulomb gluons
blue: gluons along beams

pp — jet + ET, pp — new particles, ...

green: soft gluons between jets

»
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS

REACHING THE NEXT LEVEL OF PRECISION

Toward a complete theory of non-global LHC
processes

» Based on a powerful new factorization theorem

» Analytic all-order resummation of superleading
logarithms for arbitrary jet processes

» Calculation of subleading effects using
analytical, numerical and Monte Carlo tools

» Ab initio understanding of violations of
“conventional” factorization and derivation of
generalized factorization theorems

Matthias Neubert — 11 Bormio Winter Meeting 2023

High-precision probes of
known and yet unknown
phenomena at the energy

frontier!






